I. INTRODUCTION
The nonlinear mixing of two l a s e r " w r i t e " beams and a l a s e r "probe" beam t o produce a f o u r t h " s i g n a l " beam i s a technique know as four-wave mixing (FWM).
This can be t r e a t e d t h e o r e t i c a l l y as a t h i r d order n o n l i n e a r o p t i c a l process o r , a l t e r n a t i v e l y as Bragg s c a t t e r i n g from a laser-induced r e f r a c t i v e index grating.C1,23
The major s i g n i f i c a n c e o f t h i s technique i s i t s a p p l i c a t i o n t o o p t i c a l devices i n v o l v i n g ' p h a s r conjugation, demultiplexing, beam s w i t c h i n g and a m p l i f i c a t i o n .
However, F W M can a l s o be used as a spectroscopic t o o l f o r e l u c i d a t i n g fundamental p h y s i c a l p r o p e r t i e s of m a t e r i a l s r e l e v a n t t o o p t i c a l a p p l i c a t i o n s .
I n order t o develop systems f o r o p t i c a l technology a p p l i c a t i o n s , i t w i l l be necessary t o tailor-make m a t e r i a l s w i t h s p e c i f i c F W M c h a r a c t e r i s t i c s .
T h i s can o n l y be accomplished i f t h e r e i s a f u l l understanding o f t h e F W M processes i n t h e m a t e r i a l , and t h i s i s t h e goal of t h e research described here.
There a r e many d i f f e r e n t types of p h y s i c a l processes t h a t can l e a d t o F W M through laser-induced modulation o f t h e r e a l or imaginary p a r t s o f t h e complex r e f r a c t i v r index.
These i n c l u d e d i r e c t e l e c t r oo p t i c a l e f f e c t s , thermal e f f e c t s , c o n c e n t r a t i o n e f f e c t s , s t r u c t u r a l changes, and p o p u l a t i o n e f f e c t s .
Each o f these have d i f f e r e n t charact e r i s t i c s i n terms o f response times and s e n s i t i v i t i e s .
I n general, p o p u l a t i o n e f f e c t s may be t h e most usef u l source o f dynamically programable F W M s i g n a l s s i n c e they encompass a wide range of response c h a r a c t e r i s t i c s and can be c o n t r o l l e d through a l t e r a t i o n of t h e defect content o f t h e m a t e r i a l .
These i n c l u d e p o p u l a t i o n s o f f r e e c a r r i e r s , e x c i t o n s , trapped charges, and e x c i t e d ions.
For permanent holographic i n f o r m a t i o n storage, induced s t r u c t u r a l changes may p r o v i d e t h e best s t a b i l i t y .
Many of t h e most i n t e r e s t i n g n o n l i n e a r p r o p e r t i e s leading t o F W M a r e associated w i t h d e f e c t s i n t h e m a t e r i a l .
Thus t h e c h a r a c t e r i s t i c s of t h e F W M s i g n a l can be changed by a l t e r i n g t h e defect d i s t r i b u t i o n i n t h e m a t e r i a l .
T h i s provides a convenient method f o r t a i l o r i n g t h e m a t e r i a l t o g i v e a desired F W M response, and makes i t i m p e r a t i v e t o understand t h e e f f e c t s of d i f f e r e n t types o f i m p u r i t i e s i n a s p e c i f i c host m a t e r i a l .
Several types o f experimental setups have been used f o r FWR s t u d i e s depending on t h e time regime of i n t e r e s t .
A l l of these i n v o l v e crossing two l a s e r beams i n t h e sample t o form an i n t e r f e r e n c e p a t t e r n i n t h e form of a s i n e wave.
The l i g h t i n t e n s i t y i n t h e peak r e g i o n s o f t h e p a t t e r n modulates t h e complex r e f r a c t i v e index of t h e m a t e r i a l compared t o i t s value i n t h e v a l l e y r e g i o n s of t h e p a t t e r n . This creates a laser-induced r e f r a c t i v e index g r a t i n g .
The spacing and p o s i t i o n of t h e g r a t i n g a r e many times e x a c t l y t h e same as t h e l i g h t i n t e r f e r e n c e p a t t e r n . However, i n some cases t h e e f f e c t s of s p a t i a l d i f f u s i o n and long range i n t e r a c t i o n processes can cause t h e g r a t i n g spacing o r p o s i t i o n t o be d i f f e r e n t than t h a t of t h e l i g h t i n t e r f e r e n c e p a t t e r n .
A probe beam passing through t h e sample i n t h e presence of a r e f r a c t i v e index g r a t i n g w i l l be d i f f r a c t e d by t h e g r a t i n g .
By measuring t h e p r o p e r t i e s of t h e d i f f r a c t e d s i g n a l beam, a l l o f t h e i n f o r m a t i o n concerning t h e p h y s i c a l p r o p e r t i e s of t h e g r a t i n g can be determined.
F i g u r e 1 shows t h e t y p i c a l alignment of l a s e r beams used f o r degenerate F W M and t h e c o n d i t i o n f o r Bragg d i ff r a c t i o n .
The probe beam i s a l i g n e d counter-propagating t o one of t h e w r i t e beams and t h e s i g n a l beam appears as a phase-conjugate beam t o t h e other w r i t e beam. For nondegenerate F W M mixing t h e alignment changes s l i g h t l y .
I n Fig. 1 ( c ) t h e g r a t i n g p a t t e r n i s shown schemati c a l l y .
The g r a t i n g decays w i t h t i m e as t h e modulated r e f r a c t i v e index r e l a x e s t o i t s i n i t i a l c o n d i t i o n o r as t h e induced nonlinear e f f e c t migrates from thm peak t o t h e v a l l e y r e g i o n of t h e g r a t i n g . F i g u r e 2 shows t y p i c a l angular s c a t t e r i n g p a t t e r n s f o r l a s e rinduced gratings.C31
The general shape c o n s i s t s o f a c e n t r a l Bragg peak and Bessel f u n c t i o n side-lobes.
The width and shape of t h e c e n t r a l peak end t h e frequency and s i z e of t h e s i d e lobes a r e sensit i v e t o t h e width and modulation index o f t h e g r a t i n g .
The narrow angular r e g i o n of h i g h s c a t t e r i n g e f f i c i e n c y a1 lows these l a s e rinduced g r a t i n g s t o be u s e f u l i n d e m u l t i p l e x i n g a p p l i c a t i o n s .
Measurement techniques w i t h F W M include: (1) s c a t t e r i n g e f f i c i e n c y a t t h e Bragg angle; (2) computer f i t t i n g of angular scatt e r i n g p a t t e r n s ; (3) dynamics of s i g n a l b u i l d u p and decay; (4) w r i t e beam energy t r a n s f e r ; and ( 5 ) a n i s o t r o p i c s e l f -d i f f r a c t i o n . Each of these provides complementary i n f o r m a t i o n about t h e u n d e r l y i n g p h y s i c a l processes i n v o l v e d i n t h e formation and erasure o f t h e r e f r a c t i v e index gratings.C31
The v a r i a b l e parameters f o r experimental measurement i n c l u d e l a s e r power, temperature, sample o r i e n t a t i o n , t h e defect content of t h e sample, w r i t e beam c r o s s i n g angle, and l a s e r wavelength.
The l a t t e r two parameters a l t e r t h e spacing of t h e induced g r a t i n g through t h e r e l a t i o n s h i p A=A/C2sin(0/2)).
For a simple s i n e wave g r a t i n g , t h e s c a t t e r i n g e f f i c i e n c y a t t h e Bragg angle i s given by C41
where u and L a r e t h e absorption c o e f f i c i e n t and t h i c k n e s s o f t h e sample and d i s t h e thickness o f t h e g r a t i n g . ( c ) Laserinduced g r a t i n g p a t t e r n .
For t y p i c a l c o n d i t i o n s t h e f u n c t i o n s i n Eq. (1) can be expanded so t h a t t h e F W M s i g n a l e f f i c i e n c y i s p r o p o r t i o n a l t o t h e square o f t h e i r arguements. For p o p u l a t i o n g r a t i n g s , t h e modulation index i s p r o p o r t i o n a l t o t h e product o f t h e d i f f e r e n c e i n t h e complex r e f r a c t i v e index f o r t h e ground and e x c i t e d s t a t e s and t h e p o p u l a t i o n d e n s i t y of e x c i t e d s t a t e s

F i g . 2. Computer-si mulated angular s c r t t a r i ng p a t t e r n s f o r An=Jx
The broad dashed l i n e is f o r do500 Wm, t h e s h o r t dashed l i n e f o r d=400
Hm, and t h e d o t t e d l i n e f o r d=300 Um.
i n t h e peak r e g i o n of t h e g r a t i n g . For a simple two-level atomic system under e q u i l i b r i u m pumping c o n d i t i o n s , t h e l a t t e r is given by where N is t h e t o t a l concentration of atoms, o i s t h e ground s t a t e absorption cross s e c t i o n , T i s t h e e x c i t e d s t a t e l i f e t i m e , and v and I a r e t h e frequency and i n t e n s i t y of t h e laser. T h i s p r e d i c t s a d i r e c t r e l a t i o n s h i p between t h e F W M s i g n a l e f f i c i e n c y , t h e l a s e r power, and t h e fluorescence l i f e t i m e and p r e d i c t s t h e occurence o f s a t u r a t i o n a t h i g h i n t e n s i t y l e v e l s .
For pulsed e x c i t a t i o n t h e s i g n a l w i l l b u i l d up and decay e x p o n e n t i a l l y w i t h a r a t e dependent on t w i c e t h e f luorescence decay r a t e and on c o n t r i b u t i o n s from e x c i t e d s t a t e m i g r a t i o n dynami cs.
I n t h e f o l l o w i n g s e c t i o n s we present examples of using F W M techniques t o i n v e s t i g a t e d i f f e r e n t types of laser-induced g r a t i n g s .
11. TRANSIENT GRATINOS I N Cr-DOPED LASER CRYSTALS cr3+ i o n s have now been made t o l a s e i n a v a r i e t y of d i f f e r e n t host c r y s t a l s i n c l u d i n g ruby, a l e x a n d r i t e , emerald, and various garnets. F W M techniques a r e h e l p f u l i n understanding t h e pumping dynamics, i o n -i o n i n t e r a c t i o n c h a r a c t e r i s t i c s , and nonlinear o p t i c a l p r o p e r t i e s of these materials. Long range energy energy m i g r a t i o n among t h e cr3+ i o n s can a l t e r t h e mode s t r u c t u r e , quantum e f f i c i e n c y , and s a t u r a t i o n p r o p e r t i e s of l a s e r operation. I n order t o i n v e s t i g a t e t h e p r o p e r t i e s of energy t r a n s f e r , F W M s i g n a l decay r a t e s were monitored as a f u n c t i o n of t h e crossing angle of t h e w r i t e beams.Cs1 F i t t i n g t h e t h e o r y o f Kenkre C61 t o these r e s u l t s g i v e s t h e value o f t h e d i f f u s i o n c o e f f i c i e n t D f o r e x c i t o n migration. Figure 3 shows t h e temperature dependences obtained f o r D f o r several d i f f e r e n t l a s e r c r y s t a l s .
No long range energy m i g r a t i o n was observed f o r cr3+ i o n s i n r by and i n t h e i n v e r s i o n symmetry s i t e s i n a l e x a n d r i t e . For C r y + i o n s i n t h e m i r r o r symmetry s i t e s i n a l e x a n d r i t e t h e d i f f u s i o n c o e f f i c i e n t was found t o increase a t low temperatures w h i l e i n emerald t h e value of D was found t o decrease a t low temperatures.
The former r e s u l t s a r e c o n s i s t e n t w i t h l o n g mean f r e e p a t h e x c i t o n m i g r a t i o n l i m i t e d by acoustic phonon s c a t t e r i n g w h i l e t h e l a t t e r r e s u l t s a r e c o n s i s t e n t w i t h pt,onon a s s i s t e d exci t o n migration.
Both types o f temperature dependences a r e observed i n d i f f e r e n t cr3+-doped garnet c r y s t a l s . C71
One impor ant p i e c e of i n f o r m a t i o n concerning t h e pumping dynamics of C r S + l a s e r m a t e r i a l s i s t h e pump-band t o metastable s t a t e r e l a x a t i o n r a t e . T h i s can be determined by measuring t h e dephasing time T2 of t h e F W M s i g n a l w h i l e pumping i n t o t h e 4~2 band. The dephasing of t h i s umping t r a n s i t i o n i s dominated by r a d i a t i o n l e s s r e l a x a t i o n t o t h e '
